Nanoparticles composed of the noble metals gold or silver can sustain resonant, coherent electron plasma oscillations. These excitations are commonly termed "particle plasmons" and can be excited by light in the visible and near-infrared spectral regions [1] . For a given metal and surrounding medium the spectral resonance position is determined by the nanoparticle size and shape. Particle plasmon excitation gives rise to absorption and scattering cross-sections exceeding the geometric particle dimensions and an electromagnetic near-field enhancement up to 400 times the incident-field amplitude [2] .
These properties make the study of noble-metal nanoparticles an attractive field for fundamental and applied research. Their absorption and scattering properties enable optical filter, colour pigment and security feature applications [3] ; while their strong near-fields may be exploited to enhance surface Raman scattering [4] , fluorescence for, e.g., ultra-sensitive detection of biomolecules [3] and the efficiency of optical nonlinear effects [5] . Moreover, particle plasmons are promising candidates for the realization of nano-optical devices [6] .
Up to now, research has mainly concentrated on the lowest (dipolar) particle plasmon mode. However, for a complete understanding of particle plasmon properties the higher-order (multipolar) modes must also be taken into account [1] . These multipolar modes can differ strongly from the dipolar mode in terms of spectral and near-field properties. Besides the fundamental research aspect, the analysis of multipolar particle plasmons might therefore contribute significantly to expanding the application range of metal nanoparticles. • ) with TE-polarized (E parallel to y) light. The optical near-field is probed by an uncoated dielectric fiber tip which is scanned over the sample.
While a few reports on optical spectroscopy of multipolar particle plasmon modes have been published recently [7, 8] , little is known about the optical near-field pattern corresponding to these modes. In this letter, we report on the direct imaging by optical near-field microscopy of multipolar particle plasmon modes in elongated gold nanoparticles. Our experimental results agree well with calculations based on an analytical model that also provides insight into the physical nature of these modes.
We investigate elongated (rod-shaped) gold nanoparticles arranged in ordered planar arrays ( fig. 1 ). The samples are fabricated by electron-beam writing of a computer designed pattern into a poly-methyl-methacrylate resist layer spin-coated onto indium-tin-oxide (ITO) doped glass substrates. Chemical development of the resist, vacuum deposition of gold and, finally, removal of gold at the unexposed areas by a liftoff process follow sequentially [9] . The resulting gold nanoparticles lie on top of the ITO-doped glass substrates, surrounded by air. For a given particle width and height, the design length is chosen so that a particle plasmon resonance is energetically located within the spectral tuning range of the cw titanium:sapphire laser we use as the excitation source for the optical near-field measurements.
Far-field extinction spectra of the samples are measured with a Zeiss MMS1 micro-spectrometer, integrated into a Zeiss Axioscope optical microscope. The spectra are acquired at normal incidence with a 2.5×, 0.075 numerical aperture objective. Optical near-field intensity images are recorded by a custom-built photon scanning tunnelling microscope [10] . The sample is fixed with index matching fluid on a BK7 glass prism and optical excitation is accomplished by weakly focusing the laser beam into the prism (angle of incidence Θ = 48
• ). The focal full width at half-maximum is approximately 300 µm, and the polarization of the beam is chosen so that the electric field vector is perpendicular to the plane of incidence. For the near-field probe we use an uncoated chemically etched tip of a 820 nm mono-mode optical fiber (3M) glued to a 32 kHz quartz tuning fork [11] . The fiber tip is scanned over the sample and held at constant distance from the surface by shear force feedback [11] . The light intensity output of the fiber is detected by a photomultiplier, amplified and recorded as a function of the lateral coordinates of the fiber tip. The detected signal is proportional to the optical near-field intensity to good approximation [12] . However, uncoated dielectric tips are capable of coupling propagating light modes outside the fiber via their cone to a guided mode within the fiber. Therefore special care has to be taken to suppress propagating light modes in the region of the fiber tip. We accomplish this by 1) using optical excitation at an angle larger than the critical angle of total internal reflection ( fig. 1 ) and 2) arranging the particles in an array with a small grating constant (d z = 320 nm) such that no grating orders can be diffracted into the half-space above the sample surface. In the orthogonal direction we choose a grating constant d y = 2 µm. Figure 2 shows the topographical image of the sample (a), consisting of an array of nanoparticles with approximate dimensions of 25 × 800 × 80 nm. Near-field optical images (acquired simultaneously with the topographical data) are displayed for excitation wavelengths of λ 0 = 830 nm (c) and 750 nm (d). Two patterns dominate the near-field images: First, pronounced fringes parallel to the long particle axis (this fringe pattern has less intensity over the particles than in between them, i.e., it shows negative contrast) and second, in the case of fig. 2 (c) (λ 0 = 830 nm), a three-maxima pattern along the long particle axis ( fig. 2(b) ). Comparig fig. 2(a) and (c) reveals that there are virtually no topographically induced artifacts in the near-field images [13] .
To identify the optical excitation conditions we present in fig. 3 the far-field extinction spectrum (dashed line) of the sample at normal incidence. For the chosen polarization parallel to the long particle axis two distinct extinction maxima are present in the covered spectral range. This data (acquired for perpendicular incidence) can be directly correlated with the near-field data (angle of incidence Θ = 48
• ) since particles orientated perpendicular to the plane of incidence are subject to only slight variations in the exciting light field for particle cross-section dimensions small compared to the light wavelength. The dependence of the particle plasmon resonance location on the angle of incidence should hence be negligible.
We now calculate the extinction spectrum with a method of moments that assumes the induced current in the particles may be treated as two-dimensional (in the plane of the interface). For the calculation the particle grating is considered to be infinite and the particles are treated as negligibly thin with a sheet resistance derived from the dielectric function of gold and the particle height. This approach was recently applied successfully to similar problems [14, 15] . It leads to the physical picture that optical resonances in our samples are due to standing waves of current along the long particle axis. Following this interpretation, we can assign standing plasmon waves of order 5 and 7 as the primary cause of the two extinction peaks observed in the calculated spectrum (solid line in fig. 3 ) at λ 0 = 830 nm and λ 0 = 710 nm, respectively. In the calculations we account for the optical response of the ITO-doped glass substrate [16] and make modest changes in the nanoparticle geometric parameters, which are set to 24 × 830 × 70 nm. The correspondence of measured and calculated extinction spectra is good.
Next consider the optical near-field patterns. In fig. 4 the optical near-field intensity for an array of gold nanoparticles as calculated from our model is depicted. The calculations take no direct account of the presence of the near-field probe. The intensity is computed at a fixed height x 0 = 140 nm above the surface, which was shown in earlier work to correspond to an effective detection height for the fiber tips we use [17, 18] . This scheme leads to calculated intensity profiles that compare well with the measured data of fig. 2 . This agreement encourages us to examine further the physical content of our model and to develop a physical interpretation of the observed intensity pattern. The excitation wavelengths are chosen identical to the experimental cases, while the geometry is that used in fig. 1 . The plotted quantity is |E| 2 at a height 140 nm above the surface. The middle particle is centered on y = z = 0. Fig. 5 -Calculated strength of the different excited current amplitudes |dj| in a particle. The case j = 5 has its resonance near λ0 = 830 nm, where however also other odd-j amplitudes of comparable strength are present. The even-j amplitudes are zero for our excitation geometry [15] .
As discussed above, we chose the periods of our grating array to be small enough to prevent propagating diffraction orders from emerging into the air space above the nanoparticles. However, the grating structure does generate structured evanescent fields whose decay with vertical distance from the particles is faster the more rapid their lateral variations are. As a consequence, at the effective detection height, x 0 , the optical field corresponding to the resonantly excited fifth-order standing plasmon wave has already decayed more than contributions due to non-resonant diffraction from the nanoparticle array and the evanescent field of the totally reflected excitation beam. An estimate of the magnitude of the non-resonant, gratinginduced fields is possible from fig. 5 , which shows the calculated spectral dependence of the standing current wave amplitudes d j [14] . Each d j multiplies cos(j πy wy )θ(
in an expansion of the current along y, for a nanoparticle centred on the origin. Here w y (w z ) is the particle length (width) and the θ-functions restrict the current to within the particle boundaries. The index j sets the standing-wave order.
Even at the j = 5 resonance (λ 0 ≈ 830 nm) the non-resonant |d j |'s are of comparable magnitude. As a consequence, the fluctuating field at x 0 associated with, say, d 5 is, although resonant, always small compared to the smoother, non-resonant fields. The net effect is that the fine structure of |E| 2 at x 0 is determined by an interference between (small) resonant and (large) non-resonant field contributions:
where Re(. . .) denotes "real part of" (. . .) and E y (δE y ) is the non-resonant (resonant) contribution. The intensity profile due to E y alone is structured in both the z and y directions and is basically the structure appearing off-resonance in fig. 4 . The modulations that appear on resonance in fig. 4 come from the interference term, linear in δE y which in turn is roughly proportional over each particle to cos(j πy wy ) with j = 5. The net effect is that near resonance one observes additional peaks only where δE y is maximum (assuming E y > 0), instead of all the places where |δE y | 2 is maximum. This explains why a j = 5 resonance can lead to only 3 peaks in the near-field intensity profile and clarifies that the obtained images are due to an interference of the evanescent exciting field and the fields of resonantly and non-resonantly excited plasmon modes. The images can therefore not be directly interpreted in terms of the optical near-field intensity of the particle eigenmodes [19] .
In conclusion, we have shown that it is possible to image the optical near-field of gold nanoparticles excited at a multipolar plasmon resonance. By interpreting these modes in terms of standing current waves, we found good quantitative agreement with the experimental observations and gained qualitative insight into the observed physical processes. On the one hand, these results significantly broaden the spectrum of potential plasmonic applications with a wider range of near-field patterns and resonance frequencies compared to the wellknown dipolar plasmon resonance. On the other hand, we have also identified experimental restrictions due to the important role of non-resonant plasmon excitations.
